To examine genetic loci linked to a long-term burden and trend of obesity traits, such as body mass index (BMI), from childhood to adulthood. DESIGN: Longitudinal study using serial measurements of BMI from childhood. SUBJECTS: A total of 782 unselected white siblings (representing 521 full and 39 half sib-pairs) from 342 families enrolled in the Bogalusa Heart Study. MEASUREMENTS: A total of 357 microsatellite markers with an average spacing of 9.0 cM spanning the 22 autosomal chromosomes were typed. A quadratic growth curve was developed using a random effects model based on serial measurements of BMI from childhood to adulthood. The serial changes in BMI were measured in terms of long-term burden (area under the curve (AUC) divided by follow-up years) and the long-term trend (incremental AUC, calculated as total AUCÀbaseline AUC). RESULTS: Heritability estimates of long-term measures were 0.78 for total AUC and 0.43 for incremental AUC. In a variancecomponent-based multipoint linkage analysis with SOLAR, linkage to the long-term measures of BMI was observed on chromosomes 1, 5, 7, 12, 13 and 18. For total AUC, LOD scores were 3.0 at 110 cM on chromosome 12, 2.9 at 26 cM and 2.4 at 52 cM on chromosome 7, and 2.2 at 126 cM on chromosome 5. For incremental AUC, LOD scores were 2.9 at 26 cM, 2.1 at 97 cM and 2.3 at 110 cM on chromosome 12, 2.2 at 69 cM on chromosome 7, 2.2 at 91 cM and 2.5 at 150 cM on chromosome 1, 2.0 at 119 cM on chromosome 5, 2.0 at 54 cM on chromosome 13 and 2.0 at 7 cM on chromosome 18. Several important obesity-related candidate genes are located in the regions or near the markers showing positive linkage. CONCLUSION: Linkage evidence found in this study indicates that regions on these chromosomes might harbor genetic loci that affect the propensity to develop obesity from childhood.
attributed to a multifactorial component. [7] [8] [9] Further, longitudinal twin studies also showed higher heritability of 0.57-0.86 for the rate of change in BMI and weight gain. 10, 11 As a result, studies are emerging to identify genes involved in the pathophysiology of obesity. More than 250 genes or chromosome regions have been identified during the past two decades that contribute to obesity measures. 12 Most linkage and association studies focusing on obesity genes have been cross-sectional in nature, which represent interindividual variation at a specific point in time. It is well established that body fatness changes dramatically with age. [13] [14] [15] Longitudinal observations are needed to examine both inter-and intraindividual variation governed by genetic and environmental factors of continuity. Limited information is available on the genetic basis of long-term changes in body fatness from childhood to adulthood. This report presents results of a genome-wide scan linkage analysis in white sibships using serial measurements of BMI from childhood to adulthood from the Bogalusa Heart Study, a community-based study of early natural history of cardiovascular disease. 16 
Materials and methods

Study cohort
In the community of Bogalusa, LA, seven cross-sectional surveys of children aged 4-17 y were conducted between 1973 and 1994. In addition, eight cross-sectional surveys of young adults aged 18-38 y who had been previously examined as children were conducted between 1976 and 2001. This panel design of repeated cross-sectional examinations conducted approximately every 3 y resulted in serial observations on the cohort. Eligible study subjects comprise white siblings who participated two or more times during the period of 1973-2001 with at least one in childhood and one in adulthood. Siblings were identified based on Bogalusa sibship census data. After validation of the reported sibling relationship, there were 782 unselected white siblings from 342 families (representing 521 full sib-pairs and 39 half sibpairs) with 4107 observations (Table 1) . A majority of siblings (78.1%) were screened four or more times, and the average number of times examined was 5.3 in the total sample.
Anthropometrics
Essentially the same protocols were followed for all surveys since 1973. 17 Height and weight were measured twice to 70.1 cm and to 70.1 kg, respectively, and means of replicates were used in the analysis. As a measure of overall adiposity, BMI was used. The reproducibility was assessed in a 10% random sample in each survey, and the intraclass (within-observer) correlation coefficients were 40.99 for BMI.
Genotyping
Genotyping of 357 highly polymorphic microsatellite markers on 22 autosomal chromosomes was accomplished using fluorescently labeled primers and an Applied Biosystems 377 sequencer (Foster City, CA, USA). The marker locations were determined using the genetic map provided by the Marshfield Medical Research Foundation. The mean spacing between adjacent markers was 9.0 cM (range 0-25.5 cM). Details of the marker names and locations are available on request. The reproducibility of the genotyping for each marker was evaluated in 81 pairs of blind duplicate DNA samples. There was, on average, 99.7% concordance between the blind duplicate pairs, and no marker had an agreement rate o96%.
Statistical analysis
The area under the curve. A quadratic growth curve of serial measurements of BMI from childhood to adulthood was established for males and females separately using a random effects model with SAS Proc MIXED. In addition to the fixed population effects, the mixed model also incorporates random effects and has the form 18, 19 
0 is a vector of fixed effect parameters and
0 is a vector of random effect parameters. This random effects model allows the intercept, linear and nonlinear parameters to vary from individual to individual, and the random coefficients represent the difference between the fixed population parameters and the true values for the individual. It also allows for repeated measurements and different numbers of unequally spaced observations across individuals. 19 The most parsimonious growth curve model was considered. The cubic or higherorder terms of age were not included in the equations for males and females because they were not significant at the level of 0.05, and did not improve the goodness-of-fit of the model. Fixed effect parameter estimates of the quadratic growth curves of BMI in the sibling cohort for this analysis were A variance-component method was used to test for evidence of linkage of a quantitative trait locus (QTL) for total AUC and incremental AUC. An extension of the variance-component model was used to estimate the genetic variance attributable to a specific chromosomal location. 22 This approach is based on specifying the expected genetic covariance between relatives as a function of the identity-bydescent (IBD) relationships at a QTL. Using the variancecomponent model, 23 the likelihood was estimated for the null hypothesis that the additive genetic variance due to the QTL equaled to zero (no linkage) was tested, and compared with that of a model in which the variance due to the QTL was estimated. The difference in minus twice the log likelihoods (À2 ln L) produces a likelihood ratio test that is asymptotically distributed as a 50:50 mixture of w 2 with 1 df and a point mass at 0. 24 The w 2 value divided by 2 ln 10 has a similar statistical interpretation to the classical LOD score of linkage analysis. Heritability analysis, two-point and multipoint variance-component linkage analyses were performed using SOLAR, 25 incorporating a simultaneous correction of covariates affecting the longitudinal changes in BMI. These covariates were sex, baseline age and the average of ages at multiple time points for total AUC. In addition, baseline BMI was also included in the model for incremental AUC.
Results
As shown in Table 2 , siblings were followed up on average 20.2 y, ranging from 4.0 to 27.3 y. The mean value of total AUC for BMI was slightly greater than average BMI, reflecting the influence of the age-related nonlinear trend of BMI. Incremental AUC for BMI was greater in male siblings than in female siblings (Po0.05). In the total sample with males and females combined, Ln-total AUC had skewness of 0.48 and kurtosis of 0.13, and Ln-incremental AUC had skewness of 0.50 and kurtosis of 1.16. In the polygenic model of variance-components analyses by SOLAR, the heritability estimates were 0.7870.08 for total AUC, adjusting for sex, average age and age at the first examination, and 0.4370.09 for incremental AUC, adjusting for sex, average age, and age and BMI at the first examination. Figure 1 displays the results of linkage analysis (maximum LOD scores) of autosomal genome scan for total AUC and incremental AUC of BMI. Six chromosomes showed suggestive (2.0rLODo3.0) or significant (LODZ3.0) linkage to long-term measures of BMI. The highest LOD score was observed on chromosome 12. Other regions meeting the criterion for suggestive linkage were on chromosomes 1, 13, 18 for incremental AUC, and 5 and 7 for both total and incremental AUC. Genome scan linkage for longitudinal burden of BMI W Chen et al Figure 2 shows multipoint LOD scores and locations on chromosomes 1, 5, 7, 12, 13 and 18. Two regions with LODZ2.0 around markers D1S2737 and D1S2726 showed peak LOD scores for incremental AUC on chromosome 1. The peak LOD scores for total AUC were found at 26 cM from pter (LOD ¼ 2.9) near the marker D7S2557 and at 52 cM (LOD ¼ 2.4) near the marker D7S484 on chromosome 7.
The peak LOD score (LOD ¼ 2.2) for incremental AUC was seen at 69 cM near the marker D7S1818. On chromosome 12, maximum LOD scores for total AUC (LOD ¼ 3.0) and incremental AUC (LOD ¼ 2.3) were both noted at 110 cM, and the regions with LODZ2.0 were overlapped for the most part. In addition, there were another two peak LOD scores of 2.9 at 26 cM near the marker D12S391, and 2.1 at 97 cM near the marker D12S1064 for incremental AUC. The two AUC values also showed suggestive linkage on another four chromosomes. The LOD score peaks and regions were very similar on chromosome 5 for the two AUC values. Suggestive linkage signals with LOD scores Z2.0 for incremental AUC alone were observed on chromosomes 13 and 18. Table 3 gives multipoint and two-point linkage results for AUCs on the six chromosomes. Regions, peak locations and LOD scores from multipoint linkage analysis were also presented for comparison. Markers with maximum LOD scores obtained in two-point linkage analysis are located at the same positions or very close to the peaks observed in multipoint linkage analysis. However, the two-point LOD scores varied to some extent. Cytogenetic locations are also listed in Table 3 for reference to propose obesity candidate genes within and around the regions showing positive linkage. Figure 1 Maximum LOD scores for total AUC and incremental AUC for BMI in white sibships: The Bogalusa Heart Study. AUC values were divided by follow-up years. Adjusting for baseline age and average age, and sex for total AUC; adjusting for baseline age and BMI, average age, and sex for incremental AUC. Figure 2 Multipoint linkage results for total and incremental AUC for BMI in white sibships on chromosomes 1, 5, 7, 12, 13 and 18: The Bogalusa Heart Study. AUC values were divided by follow-up years. Adjusting for baseline age and average age, and sex for total AUC; adjusting for baseline age and BMI, average age, and sex for incremental AUC.
LOD Score
Genome scan linkage for longitudinal burden of BMI W Chen et al
Linkage analyses were also performed using childhood and adulthood BMI values on the three chromosomes 5, 7 and 12, on which evidence for linkage to total AUC was found. LOD scores of 0.6 at 120 cM for childhood BMI and 0.8 at 122 cM for adulthood BMI were obtained on chromosome 5. LOD scores were 1.3 at 58 cM and 1.8 at 114 cM for childhood BMI and 1.5 at 52 cM for adulthood BMI on chromosome 7. On chromosome 12, childhood BMI showed a LOD score of 1.4 at 134 cM and adulthood BMI showed LOD scores of 2.3 at 52 cM and 3.8 at 108 cM.
Discussion
In the present study, we used multiple measurements of BMI from childhood to adulthood to link long-term burden and trend of adiposity to genetic loci. The total AUC for BMI calculated based on the growth curve model parameters minimized effects of short-term influences, and represented a more reliable measure of adiposity levels than a single measurement at one time point. Although the long-term burden can be examined using the average values 26 and principal components 27 of multiple measurements, they do not reflect long-term trends over time. In the present study, besides being useful in capturing the overall levels of adiposity, using the AUC values can measure the average rate of growth or acceleration in growth over age determined by the individual linear and nonlinear parameters in the growth curve model.
In the present study, the total AUC per year (22.0) of this sib-pair cohort was very close to and highly correlated (r ¼ 0.99) with the average of multiple values (21.8). The slight difference between the total AUC and the average value reflected the nonlinearity of the quadratic growth curve of BMI and ages at examinations. Heritability of BMI (0.78) estimated using serial measurements of siblings in our study was higher than the values (0.40-0.55) reported by other cross-sectional pedigree studies. [28] [29] [30] Further, the heritability analysis of incremental AUC, a measure of combined linear and nonlinear trends, showed a lower estimate of 0.43 using full-and half-siblings data in the present study. Longitudinal twin studies showed significant familial resemblance in long-term trends in BMI and weight gain. Heritability estimates were 0.57-0.86 for the rate of change in BMI over a decade in the Kaiser Permanente Women Twins Study 11 and 0.70 for trend in adult weight gain over a 43-y interval in the NHLBI twin study. 10 Generally, twin data give higher familial resemblance measures than pedigree data due to the more common childhood household environment and behaviors. In addition, we used the combination of linear and nonlinear parameters to calculate the heritability, instead of just the linear slope used in other studies.
10,11
The present study shows suggestive (2.0rLODo3.0) and significant (LODZ3.0) linkage for long-term burden and trend of BMI from childhood to adulthood on chromosomes 1, 5, 7, 12, 13 and 18. The findings of linkage on chromosomes 1, 5, 12 and 18 in this study are consistent Genome scan linkage for longitudinal burden of BMI W Chen et al with the HERITAGE Family Study in respect to changes in obesity traits including BMI after a 20-week enduranceexercise training program. 31 The genetic regions with positive linkage on chromosomes 1, 5, 12 and 18 found in this study have confirmed the findings on these four chromosomes from the HERITAGE Family Study. 31 Further, a number of obesity-related candidate genes are located in the regions or near the markers showing positive linkage in this study, as summarized in Table 4 . Of interest, in the present study, the strongest linkage evidence for both total AUC and incremental AUC was found in the same position (110 cM) on chromosome 12q24.1 at the marker D12PAH, covering a region of 22 cM. Important candidate genes in this region include IGF-1 31, 32 and SR-BI, 33 which showed positive linkage and association with obesity measures in previous studies. IGF-1 gene is localized at 12q23.2, about 3 cM from D12PAH. Evidence for linkage between IGF-1 gene and changes in fat-free mass after 20-week endurance-exercise training program has been described in white pedigrees in the HERITAGE Family Study. 31, 32 The result was supported by a LOD score of 2.3 at 107 cM for the change of fat-free mass found in the HERITAGE Family Study. 31 We found that another peak of LOD score of 2.9 for incremental AUC was located at 26 cM from the pter on chromosome 12, near marker D12S391 (12p12.2) with a region spanning 11 cM supported by a LODZ2.0. GNB3 gene (12p13) is located close to the marker D12S391. Significant associations of GNB3 gene with BMI and other obesity-related phenotypes were observed in several previous studies as reviewed in The Human Obesity Gene Map: The 2000 Update. 12 Of interest, a positive linkage with baseline BMI (LOD ¼ 1.7-2.2), baseline fat mass (LOD ¼ 1.2-2.2) and change in skinfolds after exercise training (LOD ¼ 1.3) was observed at 25 cM on chromosome 12 in the HERITAGE Family Study. 31 Evidence of linkage for total AUC in regions (14-33 cM and 46-57 cM) was observed in this study with peak LOD scores of 2.9 at 26 cM and 2.4 at 52 cM near marker D7S2557 (7p15.3) and D7S484 (7p12.3), respectively. NPY gene (7p15.1) located in this region has been reported to be both associated 34 and linked 35 with BMI and other obesity traits in other studies. Particularly, a positive linkage for fat-free mass with a LOD of 2.7 at marker D7S1808 (7p15.3) was detected in the Quebec Family Study data using a genome scan linkage analysis. 36 Another region (58-72 cM) with a maximum LOD score of 2.2 at 69 cM near the marker D7S1818 (7q11.1) showed a linkage to incremental AUC in this study. But no obvious candidates have been proposed in this region. We also observed two regions with a positive linkage (LODZ2.0) to incremental AUC on chromosome 1. The region of 90-93 cM with a peak LOD score of 2.2 at marker D12S2737 (1p31.1) harbors leptin receptor gene (1p31), an important candidate gene for obesity traits based on both association and linkage studies. 12, 37, 38 Further, the marker D1S550 (1p31-p21) has been found to be linked to obesity and energy metabolism in Pima Indians with a LOD score of 2.8. 39 Another region of 144-158 cM with a peak LOD score of 2.5 at 150 cM near marker D1S2726 (1p12) showed linkage to incremental AUC in this study. A BglII polymorphism in HSD3B gene (1p13.1) is significantly associated with 12-y changes in skinfolds in humans. 40 On chromosome 5, suggestive linkage with both total and incremental AUC was also detected in the same region around the markers D5S1505 (5q23.1) and D5S1453 (5q21.1), respectively, in this study. The candidate gene within this region is ISL1 (5q22.3), which showed a strong linkage with BMI, leptin levels and other obesity traits. 41 Linkage to change in BMI (LOD ¼ 2.4) and change in fat mass (LOD ¼ 1.4) at 107 cM (5q21.1) was observed in the HERI-TAGE Family Study. 31 A weak linkage for BMI with a LOD score of 1.5 has been reported on chromosome 5q23 in the NHLBI Family Heart Study. 42 The q23-q33 region of human chromosome 5 encodes a large number of growth factor receptors and hormone/neurotransmitter receptors. A physical map of 15 loci in the region (5q23-q33) has been developed. 43 Other relatively weaker linkage signals (LOD ¼ 2.0) with incremental AUC were found on chromosomes 13q11.2 and In order to compare the linkage results using a long-term measure and a single measure of BMI, linkage analyses were also performed separately using childhood and adulthood BMI on chromosomes 5, 7 and 12 that showed linkage to total AUC. The maximum LOD scores for childhood BMI (0.6) and adulthood BMI (0.8) were considerably lower than the LOD score for total AUC (2.2) on chromosome 5 in the same region. Similar observations were obtained in the region 46-58 cM on chromosome 7. However, the LOD score was 1.4 at 134 cM for childhood BMI and 3.8 at 108 cM for adulthood BMI on chromosome 12. The peak LOD score (3.0) at 110 cM for the total AUC on chromosome 12 was between those found for childhood and adulthood values. It appears that the power is greater to detect linkage using a long-term measure for some loci like those located on chromosomes 5 and 7, but not for other loci like those located on chromosome 12, found in the present study. Statistical theory states that if the measurement is subject to variation from time to time within the same individuals, the strength of association between the variables will be underestimated using a single measurement 47, 48 due to measurement errors and biological fluctuations. Although BMI has the minimum measurement error compared to other cardiovascular risk variables, single measurement at one time point is affected by short-term factors such as dieting, level of physical activitiy, illness, smoking cessation and seasonal effects. 49, 50 Under the assumption that the deviation from the 'true values' is normally distributed, using multiple values of BMI dilutes the measurement errors and fluctuations due to the short-term factors. Information on age-related linkage evidence for obesity measures is very limited. More elaborated longitudinal study designs will be needed to demonstrate the age-related genetic influence on obesity traits as well as the power or advantage of using long-term burden and trends in genetic analysis. In summary, multiple measurements of BMI from childhood to adulthood in white siblings showed considerably greater heritability than a cross-sectional measurement. Significant and suggestive linkage with long-term burden and trend of BMI was observed on chromosomes 1, 5, 7, 12, 13 and 18. Candidate genes involved in the pathophysiology of obesity are identified in all regions on six chromosomes except for 7q11.1. The QTL and candidate genes identified in this study along with earlier studies serve as a basis for further fine-mapping strategies to identify and test responsible genes involved in the etiology of obesity.
